We present ultrasonic techniques for magnetic measurements. Acoustically modulated magnetization is investigated with sensitive rf detection by narrowband loop antennas. Magnetization on the surface of ferromagnetic metals is temporally modulated with the rf frequency of the irradiated ultrasonic waves, and the near-field components emitted from the focal point of the ultrasonic beam are detected. Based on the principle of the acoustically stimulated electromagnetic (ASEM) response, magnetic sensing and tomography are demonstrated by ultrasonic scanning. We show that ASEM imaging combines good acoustic resolution with magnetic contrast. The sensitivity of this method is estimated to be about 6 G/Hz 1/2 in our current setup. © 2013 AIP Publishing LLC.
I. INTRODUCTION
The magnetic characteristics of materials have been imaged by a variety of techniques, including conventional contact methods with sensitive magnetic field sensors, 1-3 electron microscopy techniques in which modification of electron motion by the Lorentz force is detected, 4 and optical methods which exploit the Kerr effect. 5 Scanning a surface with a sensitive magnetic field sensor provides direct information on the material surface, although it is generally difficult to maintain contact with rough surfaces and the technique is not suitable for environments subjected to magnetic fields. The electron microscopy and optical techniques require substantial equipment and are thus limited to laboratory use. Here we present a more convenient alternative magnetic sensing combined with ultrasonic inspection.
Ultrasonic waves can propagate through optically opaque substances, such as the human body, metals, and concrete. The majority of existing ultrasonic techniques are restricted to determining the mechanical properties of materials from the elasticity or mass density of the target. Recently, a method for measuring electromagnetic properties through acoustic-wave coupling has been reported. 6 In this method, the acoustically stimulated electromagnetic (ASEM) response is detected by a narrowband antenna tuned to the center frequency of the incident ultrasonic waves.
A major advantage of the ASEM method is that it is compatible with conventional ultrasonic pulse-echo sensing, and can be used for evaluating the electromagnetic properties of a material detected by the pulse-echo inspection. In this paper, we demonstrate how magnetic properties can be assessed by measuring the ASEM response. First, the characteristics of rf magnetic fields induced by longitudinal acoustic excitation are investigated in a typical ferromagnet (a coma) Electronic mail: ikushima@cc.tuat.ac.jp mercial ferrite, SrO/6Fe 2 O 3 ). In fundamental experiments, a proper antenna configuration is determined and different magnetic materials are selectively imaged. We also present an example of the complementary use of the ASEM method with ultrasonic tomography. Finally, as one example of practical use, the strain-induced martensitic transformation 7 in an austenitic stainless steel (SUS304) is studied by using the ASEM method. We have confirmed that the ASEM intensity is strongly correlated with the magnitude of the surface magnetic flux density induced by external stress.
II. THEORETICAL BACKGROUND
Biased magnetostriction is phenomenologically equivalent to piezomagnetism in the linear response regime, and we will make no distinction between them for the purpose of this discussion. 8 Under adiabatic conditions, the applicable mechanical and magnetic equations of state for the piezomagnetic medium can be written as (i, j = 1, 2, 3 and m, n = 1, 2, . . . 6)
where the S, T, H, and B are the strain, stress, magnetic field, and magnetic flux density components, respectively. The coefficients relating these quantities, s, d, and μ, are the elastic compliance, the piezomagnetic constant, and permeability constant, respectively. The magnetic flux density, B(t), is temporally modulated through Eq. (1) when the strain, T (t), is applied through acoustic irradiation. It follows that the magnetic dipole moment averaged in the acoustically excited area, m(t) ∝ B(t), oscillates at the frequency of the acoustic waves. The magnetic flux density emitted to the surrounding
where the x = n 0 r represents a vector from the position of the magnetic dipole moment to the observation point with a distance of r, μ 0 is the space permeability, and c is the speed of light. In Eq. (2), the first term represents the near-field component, the second term represents the intermediate component, and the last term corresponds to the magnetic-dipole radiation produced by the acoustic waves. Because the distance, r, is much smaller than the wavelength of the EM waves in our experiments, we focus on the near-field term. For the sinusoidal oscillation of the acoustically excited magnetic dipole moment, m(t) = m 0 sin ωt, Eq. (2) can be written as
Supposing that H, B, and m are axial vectors parallel to the 3-axis in ferromagnetic materials, the non-zero piezomagnetic constants will be limited to d 31 = d 32 and d 33 8 in the uniaxial symmetry of a polycrystalline medium. Therefore, the B 3 component will be temporally modulated. Thus the voltage, V sig , detected by a loop antenna (or a coil) will be V sig ∝ {3(m 0 · n 0 )n 0 − m 0 )ω cos ωt}/r 3 . Consequently, the signal intensity is proportional to r −3 and ω, and is strongly affected by the geometric configuration of the antennas.
III. EXPERIMENTAL SETUP
The experimental setup for the ASEM measurements is shown in Fig. 1(a) . A target sample is placed in the focused zone about 60 mm from a 10 MHz ultrasonic transducer (diameter 15 mm), to which rectangular 50 ns wide pulses are applied by a pulser/receiver (Panametrics-NDT, 5077PR). The appropriate distance between the sample and the transducer allows us to temporally separate the pulsed ASEM response from the EM noise generated by the transducer. The ASEM response is obtained at half the echo delay time, t echo , and is detected by a narrowband loop antenna tuned into the center frequency of the ultrasonic waves with a bandwidth of about 200 kHz. 6 Signals picked up by the antenna are fed to a low-noise preamplifier (NF, SA-230F5), and averaged by using digital oscilloscopes or high-speed digitizers. Spatial images of the ASEM response are obtained by mechanically scanning the focused ultrasonic beam. The focused spot is estimated to have a diameter of about 0.7 mm by using a micro hydrophone. The magnetic flux density is measured by a calibrated Hall sensor (SHS 371). 
IV. ASEM RESPONSE OF FERRITE MAGNETS
The basic properties of the ASEM response in ferromagnetic materials are studied for commercial cylindrical ferrite magnets (SrO/6Fe 2 O 3 , 20 mm diameter, thickness h = 5 and 10 mm). The geometric configurations of the antenna (I, II, III, and IV) for the specimen and the incident ultrasonic wave vector, k, are shown in Fig. 1(b) . The distance between the antenna and the specimen is about 35 mm. The ultrasonic focal spot is on the center of the upper surface of the specimen. between the excitation and pulse-echo signals. This weaker signal is identified as the ASEM response emitted by the ferrite magnet. ASEM signals with durations much longer than the excitation pulse width (about 50 ns) are observed, indicating that ultrasonic waves are well confined in the specimen. The enlarged view of the waveforms (Figs. 2(b) and 2(c)) reveals a comb-like periodic feature. For metallic ferrite, the rf fields should be generated on only the surface of the specimen. Therefore, the comb-like structure is interpreted as a multiple reflection of ultrasonic waves at the front and the back faces of the specimen. The period of the ASEM response for the 10-mm-thick specimen is estimated to be 1.67μs (arrow in Fig. 2(b) ). Because the velocities of the longitudinal and transversal waves are about 6 and 3.5 km/s, respectively, the longitudinal waves travel between the front and the back faces of the specimen. The experiments using the 5-mm-thick specimen support our interpretation (Fig. 2(c) ). The geometric configuration of antenna also affects the signal intensities. The ASEM intensities measured with Antenna III and IV are much larger than those measured with Antenna I and II; Antenna III and IV measure the rf magnetic fields parallel to the static magnetic flux vectors originating from the magnetization of ferrite. This means that the acoustic excitation predominately induce the temporal amplitude modulation of the magnetization through B 3 (t) = d 3m T m (t), as described in Sec. II.
There are two properties of the ASEM waveform emitted from ferrites that must be addressed. First, the 1st wave in the comb-like structure is considerably weaker than the other subsequent signals, as is observed for the waveform measured by Antenna IV in Fig. 2(b) . Second, in the waveform measured by Antenna IV, the intensity of the even-numbered waves (2nd or 4th waves) is much larger than that of the odd-numbered waves (3rd or 5th waves). The first observation can be explained by examining the relation between the acoustically excited area and the signal intensity. In this experiment, the ultrasonic beam is focused into a spot with an area of about π (0.7) 2 mm 2 on the front face of the sample. The beam spreads out on the back face because of the refraction at the boundary between ferrite and water, resulting in the enhancement of the signal intensity. Assuming that the excitation area spreads on the back face by a factor of S and the acoustic power per unit of area is reduced by a factor of 1/S, the acoustic pressure should be reduced by a factor of 1/ √ S on the back face. If the amplitude of the acoustically modulated rf magnetic flux density, B, is proportional to the acoustic pressures, the modulated total flux, , should be expressed as a function of 1/ √ S × S = √ S. Because the signal voltages, V sig , of the ASEM response detected by a loop antenna are expressed by V sig = −d /dt, the signal intensity on the back face should be enhanced by a factor of √ S. In this experiment, the convergent angle of the incident waves is approximately 7
• and the refracting angle of the longitudinal waves in the ferrite is about 30
• . Therefore, the excited area on the back face is calculated to be about π (5.7) 2 mm 2 . The ratio of the area on the front face to that on the back face indicates the enhancement factor on the back face is about 8. Even though this is a rough analysis, it is broadly consistent with the experimental enhancement factor of 4. Next, we discuss why the intensity of even-numbered waves is enhanced in the experimental data measured by Antenna IV. The evennumbered waves are emitted from the back face (bottom surface) of the specimen, whereas the odd-numbered waves are emitted from the front face (upper surface). In the configuration for Antenna IV, the back face of the specimen is closer to the antenna. As described in Sec. II, the near-field component of the magnetic fields is detected in our measurements. Therefore, the signal intensity is inversely proportional to the cube of the distance. The ratio of the cube of the distance between the front and the back faces is about 2 in the Antenna IV configuration, which is consistent with an intensity ratio of 1.7.
V. MAGNETIC IMAGING THROUGH ASEM RESPONSE
We performed magnetic imaging via acoustic excitation ( Fig. 3(a) ). The measured samples are a pure iron foil (0.1 mm thick), a copper foil (0.2 mm thick) and a flake of ferrite magnet (SrO/6Fe 2 O 3 ). The samples are positioned on the bottom of a glass beaker and the ASEM signals are detected by Antenna IV. The pulse width of the detected ASEM waveform is less than 0.5 μs, indicating that the local ASEM response is mapped. The lateral spatial resolution is determined by the spot size of the focused ultrasonic beam (∼0.7 μm). Welldefined signals from the ferrite and weak radiation along the sample edges of the pure iron foil are observed. Figure 3(b) shows the detailed profiles of the ASEM imaging for pure iron foil, suggesting the presence of magnetization along the sample edges. Because net radiation is not expected in the magnetic multiple domains of iron, we assume that the signal arises from the aligned domains induced by external stress or distortion when the iron foil is cut. When an external distortion is applied by folding the foil in the middle, radiation is observed along the folded line (Fig. 3(c) ). The tomographic imaging of the ASEM response is shown in Fig. 4 . Several flakes of nonmagnetic aluminum and magnetic ferrite are implanted into a gel phantom. The depth resolution is comparable to that of echo inspection (∼0.2 mm). Magnetic flakes (ferrites) are easily distinguished in ASEM tomography (Figs. 4(c) and 4(d) ), whereas all flakes appear similar in the echo measurements (Figs. 4(a) and 4(b) ). Therefore, the ASEM method can be used for evaluating whether foreign materials are ferromagnetic or not.
VI. DETECTION OF STRAIN-INDUCED MARTENSITIC TRANSFORMATION
In this section, we present an example of metal inspection using the ASEM response. Austenitic stainless steels show a strain-induced transformation from the austenitic phase to the ferromagnetic martensitic phase when plastic deformation occurs. 7 Sensing the plastic deformation or the dynamical process through magnetic imaging is a potential approach to detecting metal embrittlement. Figure 5 shows the correlation between the ASEM intensity and the surface magnetic flux density, B s . Six stainless steel plate specimens (size: 9.9 × 26.4 × 0.5 mm) are subjected to an external field of about 1 T for about 10 s before the measurements. The field strength comparable to the coercive force will be needed for producing residual magnetization, and it is normally smaller than 0.1 T for iron-based alloys. 10 Spatial images of the ASEM response in austenitic stainless steel are shown in Fig. 5(a) . In the non-stressed sample (left panel, Fig. 5(a) ), ASEM signals are observed along the sample boundary only. This indicates that residual magnetization is generated when the sample is manufactured. The distribution of the magnetization extends to the central part of the plate for the specimen stressed at 600 MPa (right panel, 5(a) ). Thus, we focus on the magnetic characteristics of the central part of the plate.
11 Figure 5(b) shows that the martensitic transformation is detected well by the ASEM response. Here, the signal-to-noise (SN) ratio at 600 MPa is about 10 with an integration time of 50 s and a pulse repletion rate of 2 kHz. The sensitivity (noise equivalent field) normalized by the integration time is estimated to be about 6 G/Hz 1/2 . Because the measurement time is limited to the processing capability for waveform acquisition, the effective sensitivity could be further improved by introducing a specialized faster analog-digital convertor.
We also observe the martensitic transformation of austenitic stainless steel mounted on a tensile testing machine in situ. The sensitive measurements are carried out on a factory floor with careful attention to the ground lines and local rf shielding. The ASEM intensity, V sig , as a function of the external tensile stress measured in the machine, σ ex , is shown in Fig. 5(c) . For the static measurements, each experimental point is measured until the ASEM intensity stabilizes, typically after about 3 min. The experimental results for the static measurements (open circles in Fig. 5(c) ) correspond well to those of laboratory measurements shown in Fig. 5(b) . Furthermore, the onset stress obtained from the dynamical measurements at a constant extension rate of 0.5 mm/min (closed circles in Fig. 5(c) ), agrees with the critical value, σ c . However, the V sig drops at 550 MPa and increases again with a rise in stress although no significant change is observed in the ultrasonic pulse-echo signals measured at the same time. We interpret the dynamical behavior as follows. In the elastic regime, the balance of stress will be maintained even in the dynamical process (i.e., σ ex σ int , where the σ int is the internal stress of the specimen). The dynamical behavior will be in agreement with the results under the static condition. This is supported by the results (closed circles) in Fig. 5(c) below the critical value, σ c . In the plastic regime above the σ c , however, the balance of stress is not required in the dynamical process; the internal stress will be released when the ferromagnetic martensitic domain (i.e., plastic deformation region) spreads out across the sample cross-section perpendicular to the tensile direction. Assuming that V sig ∝ B s ∝ σ int , the decrease of internal stress will cause the ASEM intensity to decrease in the dynamical process. The drop of the V sig thus indicates the onset of plastic deformation across the cross-section of the stainless steel plate.
12

VII. CONCLUSION
We have demonstrated the magnetic measurements of ferromagnets by using acoustic excitation. Magnetization was visualized through the ASEM response using the sensitive rf detection with a narrowband loop antenna tuned to an ultrasonic frequency of 10 MHz. We confirmed that the longitudinal acoustic excitation induced the rf amplitude modulation of the residual magnetization, providing that the geometric configuration of antenna was correct. The ferromagnetic materials were selectively imaged with a spatial resolution of less than 1 mm through ultrasonic scanning. We showed that the ASEM tomography combines good acoustic resolution with magnetic contrast and can be used in combination with the conventional pulse-echo inspection.
Significant improvement of the lateral spatial resolution will be expected by combining the ASEM techniques with a high-frequency ultrasonic microscope, which may be used for microscopic studies of magnetic functional materials. ASEM tomography inherits limitations from the penetration depth of EM radiation. It is suitable for nonmetallic soft matter with an inhomogeneous magnetic distribution. It may be possible, however, to apply ASEM tomography to conducting materials where the ASEM signals are converted to lower frequencies through nonlinear acoustic effects. 13 The ASEM method was also used for detecting the strain induced martensitic transformation in austenitic stainless steels. In our current measurement setup, the effective sensitivity for surface magnetic flux density was estimated to be about 6 G/Hz 1/2 . The in situ observation of the martensitic transformation was achieved by introducing the measurement setup to a tensile testing machine. An anomalous ASEM intensity peak was observed in the dynamical measurements of tensile testing, suggesting the temporal release of the internal stress through the plastic deformation.
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